Ab initio study of mirages and magnetic interactions in quantum corrals 
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The state of the art ab initio calculations of quantum mirages, the spin-polarization of surface-state 
electrons and the exchange interaction between magnetic adatoms in Cu and Co corrals on Cu(lll) 
are presented. We find that the spin-polarization of the surface-state electrons caused by magnetic 
adatoms can be projected to a remote location and can be strongly enhanced in corrals compared 
to an open surface. Our studies give a clear evidence that quantum corrals could permit to tailor 
the exchange interaction between magnetic adatoms at large separations. The spin-polarization 
of surface-state electrons at the empty focus in the Co corral used in the experimental setup of 
Manoharan et al., (Nature 403, 512 (2000)) is revealed. 
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As the physical size of a system approaches atomic 
dimensions, quantum effects are known to play a signif- 
icant role. One of the most striking illustrations of the 
quantum behavior in atomic-scale nanostructures is the 
observation of the electronic confinement of surface-state 
electrons in the Fe corral constructed in an atom-by-atom 
fashion on a copper (111) surface 0. The structures 
which confine the electrons on surfaces can be built us- 
ing the manipulation into the required geometry of in- 
dividual adsorbed atoms by the scanning tunneling mi- 
croscope (STM) ,2]. Altering the size and shape of ar- 
tificial structures, one could affect their quantum states. 
The controllable modification of quantum states could 
permit to manipulate individual spins, their dynamics, 
interactions, and could be of a great importance for the 
development of quantum nano-devices. 

Recent remarkable experiments of Manoharan et al., 
have shown that the electronic structure of adatoms 
can be projected to a remote location exploiting quantum 
confinement of electronic states in an engineered nanos- 
tructures. Placing an atom of magnetic cobalt at one fo- 
cus of the elliptical corral constructed from several dozen 
cobalt atoms on Cu(lll) caused the Kondo mirage to 
appear at the empty focus. Results of this fascinating 
experiment have been explained by Fiete et al., |4| using 
the scattering theory. They have demonstrated that the 
mirage at the empty focus of the elliptical corral is the re- 
sult of resonant scattering of electrons from the magnetic 
adatom and scattering from the adatoms of the walls of 
the corral. There have also been several important theo- 
retical studies related to quantum corrals and the mirage 
experiments [5-9]. 

Although above mentioned works have provided an ap- 
pealing picture of quantum mirages and interactions in 
quantum corrals, a full understanding of the behavior 
of surface-state electrons in man-made nanostructures 
and their response to magnetic adatoms requires a first- 
principle calculations. Such studies would be of funda- 
mental interest for our understanding of magnetism at 
the atomic scale, and could establish a basis for the con- 



trollable manipulation of quantum states in atomic-scale 
nanostructures. Obviously, the challenge would be to 
tailor the interaction between single spins. 

In this Letter we present a fully ab initio study of quan- 
tum mirages, the spin-polarization and the exchange in- 
teraction between magnetic adatoms in corrals. We con- 
centrate on 3d adatoms in elliptical Cu and Co corrals on 
Cu(lll). We demonstrate that the interaction of mag- 
netic adatoms with the confined surface-state electrons 
of corrals leads to significant changes in electronic and 
magnetic states of corrals, and could produce a mirage 
at a remote location. We show that the spin-polarization 
of surface-state electrons caused by magnetic adatoms 
placed in the corral focus is projected to an empty focus. 
Strong enhancement of the spin-polarization in corrals 
compared to an open Cu(lll) surface is found. Our study 
presents a clear evidence that the long-range exchange in- 
teraction between magnetic adatoms is strongly affected 
by confined electronic states of corrals. The possibility 
of tailoring the exchange interaction by modifying the 
corral geometry is demonstrated. The spin-polarization 
of the electron gas in the empty focus of the Co corral 
used in the experimental setup of Manoharan et al. 
is revealed. 

Adatoms and corrals destroy the two-dimensional (2D) 
periodicity of the ideal surface. Heller et al. [lfj have 
shown in their studies of 'quantum stadium' that the 
multiple-scattering approach is physically motivated to 
treat the electronic states of an arbitrary corral geometry 
and arbitrary placed adatoms in 2D systems. Therefore, 
we believe that an ab initio method based on the multiple 
scattering theory is well suited for calculations of mag- 
netic adatoms in quantum corrals. Our approach is based 
on the density functional theory (DFT) and multiple- 
scattering approach using the Korringa-Kohn-Rostoker 
(KKR) Green's function method for adatoms and clus- 
ters on surfaces (jjj . Although the DFT does not account 
for properties of dynamical origin like the Kondo effect, 
it is an accurate method to determine static quantities 
[l2j |. Therefore, our calculations are related to electronic 
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and magnetic properties of quantum corrals above the 
Kondo temperature. 

The Green's function of the corral (with or without 
adatoms) is calculated in a real space representation. 

n" L" 

where G™ L ,{E) is the energy-dependent structural 

Green's function matrix and G LL ,,(E) the correspond- 
ing matrix for the ideal surface; Ai£(i?) describes the 
difference in the scattering properties at site n induced 
by the existence of the corral and adatoms G1E1 The 
atomic structure of the substrate is taken into account in 
calculations (lij . 

First, we consider the elliptical Cu corral on Cu(lll) 
(Fig.l). The quantum interference between the electron 



the LDOS exhibits a series of resonant peaks indicat- 
ing the quantum confinement. The spatial distribution 
of the LDOS at the Fermi energy is presented in Figlb. 
The standing wave patterns outside and inside the corral 
are caused by the quantum interference of surface-state 
electrons scattered by atoms of the corral wall. The os- 
cillations of the LDOS outside the corral at distances 
larger than 8 A are well described by the period of about 
15 A which is close to half of the Fermi wavelength of 
surface-states electrons on Cu(lll) [l7j |. 

If a magnetic adatom is placed at the focus of the 
corral, the resonance scattering of the surface-state elec- 
trons by the adatom and the corral walls leads to strik- 
ing changes in the LDOS. As an example, we show in 
Fig. 2 our calculations for Co adatom. Strong changes 
in the LDOS near Ep in the empty focus are resolved 
(see Fig. 2a.). Comparing this LDOS with the one for 
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FIG. 1: (color) a: The LDOS at the corral focus; b: Quantum 
interference patterns inside and outside of the corral. The 
elliptical Cu corral with semi-axis a= 25 A, and eccentricity 
e = 0.5 on Cu(lll) is presented; the distance between nearest 
Cu atoms in the corral walls is equal to the nearest neighbor 
separation on the Cu(lll) surface. The LDOS of an open 
Cu(lll) surface is shown by the dashed line 

waves traveling towards the Cu atoms forming the corral 
wall and the backscattered ones leads to the confinement 
of the surface-state electrons inside the corral [lfij| . The 
energy resolved local density of states (LDOS) at one of 
the corral's foci is presented in Fig. la. It is seen that 
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FIG. 2: (color) (a) The magnetic Co adatom is located in 
the Cu corral focus. The LDOS in the empty corral focus is 
depicted; (b) The mirage effect in the corral: the changes in 
the LDOS inside the corral with the magnetic adatom with 
respect to the empty Cu corral are illustrated; the LDOS of 
the single Co adatom on an open Cu(lll) surface has been 
subtracted from the image. 

empty corral (Fig. la), it is evidently that resonances act 
as waveguides for the projection of the electronic struc- 
ture of the magnetic adatom to an empty focus 0). The 
change in the LDOS (close to the Ef) at the empty fo- 
cus clearly demonstrates the mirage effect (Fig. 2b). To 
the best of our knowledge, the above result is the first 
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fully ab initio confirmation of the projection of electronic 
structure of the magnetic adatom to a remote location. 

Another very important consequence of the quantum 
confinement in the corral concerns the spin-polarization 
of the 2D electron gas. We place the magnetic Co adatom 
at the focus of the Cu corral and calculate the energy- 
resolved spin-polarization at the empty focus. Results 
shown in Fig. 3a reveal a strong enhancement of the spin- 
polarization in the empty focus of the corral compared 
to that around Co adatom on an open Cu(lll) sur- 
face. Our calculations clearly demonstrate that the spin- 
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FIG. 3: (color) Enhancement of the spin-polarization at the 
empty focus of the Cu corral. The magnetic Co adatom is 
placed at the right focus, a: The spin-polarization is deter- 
mined as: {N T - N J.)/(jV T +N j), where N T and N J.) 
are the LDOS for majority and minority electrons respec- 
tively. The spin-polarization around the Co adatom on the 
open Cu(lll) surface is shown by dashed line; b: AN J, and 
AiV | are determined by the difference between LDOS at the 
energy E\ between the corral with the Co adatom and the 
single Co adatom on the open Cu(lll). 

polarization of surface-state electrons at the empty focus 
is very close to that near the magnetic adatom (Fig. 2b). 
In other words, the spin-polarization is projected to the 
second focus by the quantum states of the corral. We 
emphasize that the corral walls are non-magnetic and 
therefore, the spin-polarization at the second focus is only 
caused by the spin-dependent scattering of the surface- 



state electrons by the magnetic adatom. This result is 
the example of a possible 'magnetic information trans- 
fer' on metal surfaces. Recently, a theory of magnetic 
mirages based on the Anderson model has been proposed 
by Hallberg et al. Q. Our ab initio studies are in line 
with this theory and unambiguously prove that tailoring 
the spin-polarization of 2D electron gas could be achieved 
in artificial atomic structures by exploiting the quantum 
confinement of surface-state electrons. 

The above results suggest that there could be a signif- 
icant impact of the quantum confinement in corrals on 
the interaction between magnetic adatoms. 

To give a clear evidence that quantum corrals can be 
used for controlled modification of magnetic interactions, 
we perform ab initio calculations for the exchange inter- 
action between 3d adatoms inside the Cu corral. For 
large interatomic separations the exchange interaction 
energies are very small (meV and fieV) . Therefore, there 
is the problem of subtracting huge total energy values to 
obtain the resulting small interaction energies. However, 
it has been proved that applying the force theorem and 
using the single-particle energies, instead of total ener- 
gies, one can resolve very small interaction energies at 
large atomic distances with high accuracy |is|. 

We have calculated the exchange interaction between 
3d adatoms in the Cu corral on Cu(lll) for different 
adatom-adatom separations. In the absence of the cor- 
ral, i.e. for an open surface, the exchange interaction 
between magnetic adatoms is dominated by the surface- 
state electrons, and its magnitude decays as 1/cP (d is the 
adatom-adatom separation) |l9|. However, the quantum 
corral drastically influences on the interaction between 
magnetic adatoms. This is well seen in Fig. 4 where our 
calculations for 3d adatoms placed in the corral foci are 
presented. 




-120 1 — 1 — 1 — 1 — 1 — 1 — 1 — 1 — 1 — 1 — 1 — 1 — 1 — 1 — 1 
Ti V Cr Mn Fe Co Ni 

FIG. 4: (color) a: The exchange interaction between magnetic 
adatoms inside the Cu corrals of different eccentricities; the 
distance between foci is fixed, The exchange interaction on an 
open Cu(lll) is presented by the black line. 

In order to demonstrate the effect of the corral geome- 
try on the exchange interaction, we show our calculations 
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for the Cu corrals of different eccentricities. These strik- 
ing results reveal that the exchange interaction in the 
corral is strongly enhanced compared to an open surface, 
and can switch from the ferromagnetic coupling to the 
antifcrromagnetic one by modifying the corral geometry. 
We believe that these calculations provide the clearest 
evidence of tailoring the magnetic interactions between 
adatoms at large distances by constructing appropriate 
corrals [13] ■ Note that recent results of Lazarovits et al. , 
have also indicate that the geometry of corrals may affect 
their electronic and magnetic states |2l| . 

Finally, we apply our method for calculations of the 
spin-polarization in the Co corral used in the experimen- 
tal setup of Manoharan et al. , 3] . A net spin-polarization 
of the electron gas in the Co corral was suggested in this 
work as the possible reason for the quantum mirage in 
an empty focus. First, we have found the LDOS for 
the minority and majority electrons inside the Co cor- 
ral with the Co adatom placed in the corral focus. Cal- 
culations have been performed for energies close to the 
Fermi energy (.EV+lOmeV). Then, we have repeated the 
calculations for an empty Co corral. In fact, the differ- 
ence between the two calculations presents the effect of 
the Co adatom on the spin-polarization of the electron 
gas inside the corral. However, the spin-polarization in 
the empty focus is found to be significantly smaller than 
the spin-polarization on the Co adatom. Therefore, to 
make a clear presentation of the magnetic mirage, i.e., 
enhanced spin-polarization at the empty focus, the spin- 
polarization of the single Co adatom on an open Cu(lll) 
surface has been removed from the image shown in Fig. 5. 
The oscillations of the spin-polarization are well seen in 




FIG. 5: (color) The LDOS at the Fermi energy on the Co 
adatom and the Co atoms of the corral walls are shown. The 
spin-polarization of surface-state electrons inside the Co cor- 
ral is presented in color: AN J. and AN | are determined 
by the difference between LDOS near the Fermi energy (+10 
meV) of the Co corral with the Co adatom, the empty Co cor- 
ral and the single Co adatom on the open Cu(lll). Mirage in 
the empty focus is marked by the red arrow. The geometrical 
parameters of the corral are the same as in the experimen- 
tal setup of ref.3, i.e., semi-axis a= 71.3 A, and eccentricity 
e = 0.5. 

Fig. 5. The enhancement of the spin-polarization in an 



empty focus is revealed. 

In summary, we have presented the first ab initio stud- 
ies of quantum mirages and the magnetic interactions 
in quantum corrals. While we have used a particular 
systems, Cu and Co corrals on Cu(lll) to illustrate sev- 
eral effects of the quantum confinement of surface-state 
electrons, the main conclusions of our work are indepen- 
dent of the specific systems. It is generally true that 
the spin-polarization of surface electrons caused by mag- 
netic adatoms can be projected to a remote location by 
quantum states of corrals, and the exchange interaction 
between magnetic atoms can be manipulated at large dis- 
tances. Our work opens up new possibilities for experi- 
mental and theoretical studies of magnetic properties in 
engineered atomic nanostructures. 

This work was supported by DFG, Schwerpunktpro- 
gramm 'Cluster in Kontakt mit Oberflachen: Elektro- 
nenstruktur und Magnetismus'. 
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